Amyloid ␤-peptide (A␤) fibril deposition on cerebral vessels produces cerebral amyloid angiopathy that appears in the majority of Alzheimer's disease patients. An early onset of a cerebral amyloid angiopathy variant called hereditary cerebral hemorrhage with amyloidosis of the Dutch type is caused by a point mutation in A␤ yielding A␤ Glu223Gln . The present study addresses the effect of amyloid fibrils from both wild-type and mutated A␤ on vascular cells, as well as the putative protective role of antioxidants on amyloid angiopathy. For this purpose, we studied the cytotoxicity induced by A␤ 1-40 Glu223Gln and A␤ 1-40 wild-type fibrils on human venule endothelial cells and rat aorta smooth muscle cells. We observed that A␤ Glu223Gln fibrils are more toxic for vascular cells than the wild-type fibrils. We also evaluated the cytotoxicity of A␤ fibrils bound with acetylcholinesterase (AChE), a common component of amyloid deposits. A␤ 1-40 wild-type -AChE fibrillar complexes, similar to neuronal cells, resulted in an increased toxicity on vascular cells. Previous reports showing that antioxidants are able to reduce the toxicity of A␤ fibrils on neuronal cells prompted us to test the effect of vitamin E, vitamin C, and 17␤-estradiol on vascular damage induced by A␤ wild-type and A␤ Glu223Gln . Our data indicate that vitamin E attenuated significantly the A␤-mediated cytotoxicity on vascular cells, although 17␤-estradiol and vitamin C failed to inhibit the cytotoxicity induced by A␤ fibrils.
Cerebral amyloid angiopathy (CAA) is linked to most cases of Alzheimer's disease (AD). CAA is characterized by the deposition of amyloid ␤-peptide (A␤) mainly in the media and adventitia of both leptomeningeal and intracortical vessels (Vinters et al., 1988 ). An early onset of CAA occurs in the hereditary cerebral hemorrhage with amyloidosis of the Dutch type (HCHWA-D) (van Duinen et al., 1987) . HCHWA-D is caused by a point mutation in the A␤-encoding gene, which produces the substitution of Glu3 Gln at position 22 (Levy et al., 1990) , which renders A␤ more fibrillogenic (Wisniewski et al., 1991; Alvarez et al., 1997) .
Vascular amyloid deposits of both CAA and HCHWA-D, similar to senile plaques from the brain parenchyma of AD patients, contain molecules other than A␤ (Snow et al., 1988; van Duinen et al., 1995; Verbeek et al., 1998) . The enzyme acetylcholinesterase (AChE) has been reported in CAA deposits (Mesulam et al., 1992) , which could be relevant for CAA pathology because AChE is able to induce A␤ aggregation into fibrils (Inestrosa et al., 1996; Alvarez et al., 1998) . Moreover, those A␤-AChE fibrillar complexes are more toxic for neuronal cells than A␤ fibrils alone (Alvarez et al., 1998; Muñoz and Inestrosa, 1999) .
Amyloid-associated pathophysiology has been reported to involve oxidative stress (Behl, 1997; Miranda et al., 2000) . The role of oxidative stress in AD is strengthened by in vitro findings showing that A␤ increases H 2 O 2 in cells (Behl et al., 1994) , whereas catalase, an enzyme that converts H 2 O 2 to O 2 and H 2 O, blocks A␤ toxicity (Behl et al., 1994) , although there is controversy on the role of H 2 O 2 in A␤-mediated cell damage (Zhang et al., 1996) . Moreover, neuroblastoma cells (Neuro 2a), which are resistant to A␤, glutamate, and H 2 O 2 , contain high levels of the antioxidant glutathione (Calderón et al., 1999) . In accordance with the oxidative pathophysiological hypothesis, vitamin E (vit E) and other antioxidants have demonstrated protective properties on neuronal cells against the A␤-mediated neurotoxicity (Behl et al., 1992; Pappolla et al., 1997) . The hormone 17␤-Estradiol (E 2 ), with well known antioxidant properties, also protects neuronal cells against A␤-mediated neurotoxicity (Goodman et al., 1996; Behl et al., 1997a; Bonnefont et al., 1998) . Moreover, vit E and E 2 have been associated with the retardation of the onset and progression of AD (Tang et al., 1996; Kawas et al., 1997; Sano et al., 1997; Morris et al., 1998) .
In the present work, we studied the vascular toxicity induced by different types of A␤ fibrils involved in amyloid angiopathy. First, we investigated the toxicity induced by A␤ 1-40 wild type (A␤ wt ) and A␤ Glu223 Gln on endothelial and vascular smooth muscle cells (VSMC) . Second, the effect of the presence of AChE in the A␤ fibrillar complexes on these target cells was assessed. Finally, we evaluated the protective effect of vit E, vitamin C (vit C), and E 2 on vascular cells challenged by A␤ fibrils.
MATERIALS AND METHODS
Materials. Synthetic A␤ peptides corresponding to the human A␤ wt sequence and the A␤ 1-40 Dutch variant that contains a glutamic acid to glutamine substitution (A␤ Glu223 Gln ) were used in the present work. All of the peptides were obtained from Chiron (Emery ville, CA), Sigma (St. L ouis, MO), and C albiochem (Postfach, Germany). Chemicals, culture media, and sera were obtained from Sigma, Roche (Alameda, CA), Merck (Darmstadt, Germany), Invitrogen (Paisley, UK), and Molecular Probes (Leiden, The Netherlands).
Cell lines. Rat aorta smooth muscle cells (A7r5) were grown in DM EM supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 g /ml streptomycin). Human venule endothelial cells (HUV EC) were grown in M-199 medium supplemented with 10% FBS, 3.2 mM glutamine, and antibiotics.
AChE purification. The tetrameric G 4 AChE form (sedimentation coefficient of 10.7 S) was purified from bovine caudate nucleus, using acridine-affinity chromatography as described previously (Inestrosa et al., 1987) . The specific activity (6000 U/mg protein) was determined by the method of Ellman et al. (1961) . The staining intensity after SDS-PAGE (a single band of 66 kDa) was used to verif y its purity.
Ag gregation assay (turbidit y). The aggregation assay was performed as described previously (Muñoz and Inestrosa, 1999) . Briefly, peptide stock solutions were prepared by dissolving freeze-dried aliquots of A␤ Glu223 Gln and A␤ wt in dimethylsulfoxide. Peptide stock aliquots were diluted in 0.1 M Tris-HC l, pH 7.4, to a final concentration of 96.6 M A␤. For the aggregation assays with AChE, peptide stock aliquots were added to 0.1 M Tris-HC l containing AChE (100 nM). The solutions were stirred continuously (210 rpm) at room temperature for 48 hr. Aggregation was measured by turbidity at 405 nm versus buffer blank.
Amyloid fibril isolation. Preformed fibrils were washed four times with PBS by centrif ugation at 14,000 rpm for 30 min to remove the soluble A␤ and AChE. Pellets were homogenized in PBS. Aliquots of the homogenate were transferred to a denaturing buffer and subjected to Tris-tricine SDS-PAGE (Schagger et al., 1988) to quantif y the concentrations of A␤ peptide contained in the fibrils. This was achieved by densitometric scanning using A␤ and AChE with known concentrations as standards. Data were processed by the GS365W program from Hoefer Scientific Instruments (San Francisco, CA).
Congo red staining. The A␤ fibrils and A␤-AChE complexes were mounted on slides coated with 0.5% gelatin. Samples were dried overnight at room temperature and stained by using the alkaline Congo red (CR) method as described previously (Puchtler et al., 1961) . Briefly, a saturated CR solution was prepared with 80% ethanol and 0.005% NaOH and NaC l saturated and was then filtered. Samples were incubated with CR solution for 20 min, dehydrated with increasing alcohol grades, cleared with xylene, and mounted in C anadian balsam. Slides were observed with a Nikon (Tokyo, Japan) Optiphot microscope configured for polarized light.
Electron microscopy. The amyloid fibrils were placed on Formvar carbon-coated 300 mesh nickel grids and negatively stained with 3% phosphotungstic acid solution for 1 min (Inestrosa et al., 1996) . Grids were examined under a Philips EM-300 electron microscope at 60 kV.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction and lactic dehydrogenase release assays. C ells were seeded in 96-well plates in serum-and phenol red-free medium with 2 M insulin at a density of 4 ϫ 10 3 cells/100 l per well. PBS (10 l) (control), A␤ fibrils, and AChE -A␤ complexes were added at different concentrations to wells. E xperiments to study the effect of AChE alone on vascular cells were performed by adding the enzyme to cell cultures at a range of concentrations (0.1-25 nM). In the experiments with antioxidants, 1 mM vit E, 100 M vit C, or E 2 (0, 1, or 10 M) was added 2 hr before the amyloid fibrils. The hydrophobic vit E and E 2 were dissolved in ethanol to a final concentration of 5 nM ethanol per well. C ells were incubated for 48 hr at 37°C, after which cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction method (Mosmann, 1983) and lactic dehydrogenase (LDH) release as described previously (Muñoz and Inestrosa, 1999) . Briefly, after the addition of 11 l of MTT stock solution (5 mg /ml), the reaction was terminated 4 hr later with 110 l of stop solution (50% dimethylformamide and 20% SDS at pH 4.7). MTT reduction was determined in a Labsystems (Espoo, Finland) Uniskam I spectrophotometer at 540 and 650 nm. LDH release was measured in the medium of cytotoxicity assays. Fifty microliters of culture supernatants were collected from each well, and LDH activities were determined with a colorimetric LDH assay kit (Promega, Madison, W I). Total cellular LDH activity was determined by lysing the cells with the kit lysis buffer.
Phosphat ydylserine translocation and O 2 ⅐ Ϫ production measurements. HUV EC and A7r5 cells were seeded in 24-well plates in serum-and phenol red-free medium with 2 M insulin at a density of 50 ϫ 10 3 cells/300 l per well. C ells were preincubated with 1 mM vit E or 10 M E 2 , after which PBS (control), A␤ (10 M final concentration), or H 2 O 2 (50 mM) were added. C ells were incubated for 4 or 48 hr at 37°C, and translocation of plasma membrane phosphatydylserine (a marker of apoptosis) was detected by annexin-V-Fluos binding according to the protocol of the manufacturer. O 2 ⅐ Ϫ production was measured by the intracellular oxidation of dihydroethydium (100 nM). Annexin-V binding and ethydium production were quantified on Ͼ4000 cells per experimental condition with a Becton-Dickinson (Franklin Lakes, NJ) FAC Scan cytometer. Debris was excluded on the basis of forward and side lightscattering properties. E xperiments run in parallel also showed that cells analyzed presented intact membranes, demonstrated by the exclusion of propidium iodide. The putative effect of lot-to-lot variation of A␤ in aggregation and toxicity was discarded by using different lots purchased from different companies. In all cases, the Dutch variant was more toxic than the wild-type A␤, because it has been demonstrated previously in PC12 cells, a well known cell target model for A␤-mediated cytotoxicity (our unpublished observations).
Determination of superoxide dismutase activit y. Superoxide dismutase (SOD) activity was evaluated by measuring the inhibition of cytochrome c reduction by SOD from homogenized vascular cells. C ytochrome c reduction was induced by O 2 ⅐ Ϫ (superoxide radical) generated by the xanthine -xanthine oxidase system (Fridovich, 1985) . The reaction was initiated by adding xanthine oxidase (10 l of a 0.7 U/ml solution) and 5-150 l of SOD standard (44.8 U/ml) or 20 -200 l of homogenized vascular cell samples to 1 ml of reaction buffer (50 mM potassium phosphate at pH 7.8, 0.1 mM EDTA, 50 M xanthine, and 10 M cytochrome c). Reaction was followed at 550 nm for 2-6 min at 25°C with a Lambda 2 spectrophotometer (PerkinElmer Life Sciences, Ueberlingen, Germany). Results are expressed as units of SOD per milligram of protein. Proteins were quantified in homogenized vascular cells as described previously (L owry et al., 1951) .
Determination of nitric oxide synthase activit y. Nitric oxide synthase (NOS) was evaluated by measuring the oxidation of oxyhemoglobin to methemoglobin by NO (Knowles et al., 1990) . Homogenized vascular cell samples (100 l) were preincubated for 5 min with the reaction buffer (40 mM potassium phosphate at pH 7.2, 1.6 M oxyhemoglobin, and 1 mM MgC l 2 ) at 37°C. The reaction was initiated by the addition of 1 mM L-arginine and 1 mM NADPH. Oxidation of oxyhemoglobin was measured for 2 min at 37°C by the change in absorbance at 401 versus 411 nm registered with a Lambda 2 spectrophotometer. The results are expressed as nanomoles of NO per milligram of protein per minute. Proteins were quantified in homogenized vascular cells as described previously (L owry et al., 1951) .
Statistical anal ysis. Data were expressed as the mean Ϯ SEM of the values from the number of experiments performed in triplicate as indicated in the corresponding figures. Data were evaluated statistically by using the Student's t test. For multiple comparisons, a one-way ANOVA test by the addition of the Kruskal -Wallis test was used. p Ͻ 0.05 was the minimum significance level.
RESULTS

Characterization of A␤ fibrils and A␤-AChE complexes
In the present work, we used A␤ 1-40 instead of A␤ 1-42 because both CAA and HCHWA-D vascular deposits are mostly composed of the A␤ 1-40 type (Castaño et al., 1996; Hamano et al., 1997) . To avoid anomalous results is essential to characterize the amyloid nature of the A␤ Glu223 Gln fibrils and A␤ Glu223 GlnAChE complexes, because it was performed when AChE was described as a fibrillogenic agent for A␤ wt1-40 (Inestrosa et al., 1996; Alvarez et al., 1998) and A␤ wt1-42 (Muñoz and Inestrosa, 1999) . The following set of criteria were applied: turbidometry, electron microscopy, and Congo red staining. Turbidometric assays showed an increase of the maximal amount of aggregates formed in the presence of AChE on the A␤ Glu223 Gln fibrillation (Fig. 1) . The morphology of A␤ Glu223 Gln fibrils was examined by electron microscopy, showing typical unbranched fibrils with no morphological differences regardless of the presence or absence of AChE (Fig. 2) , as has been reported previously for A␤ wt and A␤ wt -AChE complexes (Inestrosa et al., 1996) . The amyloid quality of the fibrils was further assessed by staining with Congo red, which produced birefringent Maltese crosses in both types of fibrils observed under polarized light (Fig. 2, insets) . The presence of AChE in the fibrillar complexes was demonstrated by the hydrolysis of the specific substrate acetylthiocholine (Fig. 3A) and by SDS-PAGE in which AChE bands appeared in both types of complexes with A␤ wt and A␤ Glu223 Gln (Fig. 3B) . The amount of AChE bound to the fibrils differed depending on the type of peptides used, with A␤ wt binding more AChE than A␤ Glu223 Gln (Fig. 3A, inset) .
Cytotoxicity of A␤ fibrils and A␤-AChE complexes on vascular cells
We used endothelial cells and VSMC because they degenerate in both CAA and HCHWA-D (Wisniewski et al., 1992; Wisniewski and Wegiel, 1994; Kalaria, 1997; Zhang et al., 1998) . Cytotoxicity on vascular cells was evaluated at 6, 48, and 120 hr in the presence of 10 M A␤ Glu223 Gln fibrils (Fig. 4 A) . A series of experiments was also performed using different concentrations of A␤ (Fig.  4 B) . The incubation time and fibril concentration for subsequent experiments were set at 48 hr and 10 M A␤ fibrils, because there were no significant differences between 48 and 120 hr of incubation and between 10 and 25 M A␤ fibrils. HUVEC cells (Fig.  4C) showed a higher sensitivity to the toxic action of the A␤ wt and A␤ Glu223 Gln fibrils than A7r5 cells (Fig. 4 E) , and the highest cytotoxicity was produced by the Dutch A␤ variant on both types of cells. The effect of A␤-AChE complexes depended on the type of A␤; thus, with A␤ wt , the complexes showed higher toxicity than with A␤ wt alone on both types of vascular cells, measured by MTT reduction (Fig. 4C,E) . No significant differences were obtained in A7r5 cells with A␤ Glu223 Gln fibrils and A␤ Glu223 GlnAChE complexes (Fig. 4 E) , whereas on HUVEC cells, A␤ Glu223 Gln -AChE complexes resulted less toxic than fibrils alone (Fig. 4C ). Controls run with AChE alone at a range of concentrations, including those bound to the fibrils, did not induce a loss of vitality in either type of cell (Fig. 4 D) .
A␤ and oxidative stress
Oxidative stress has been proposed as one of the possible mechanisms of A␤-mediated toxicity in both neuronal (Calderón et al., 1999) and endothelial (Thomas et al., 1996) cells. The different sensitivity of A7r5 and HUVEC cells to the amyloid peptides might indicate differences in the antioxidant cellular protection, a hypothesis also proposed for several neuronal cell lines (Calderón et al., 1999) . To investigate whether A␤-mediated toxicity involves the production of free radicals and subsequent apoptosis in vascular cells, we performed experiments to determine the O 2 ⅐ Ϫ production and the presence of phosphatydylserine in the outer leaflet of the plasma membrane, a specific marker for apoptosis, on HUVEC and A7r5 cells challenged with A␤. The annexin-V (apoptosis marker) versus dihidroethydium (O 2 ⅐ Ϫ production) dot plots of Figure 5 show that A␤ incubation induced a marked increase in O 2 ⅐ Ϫ -positive HUVEC cells (Fig. 5A ) but not in A7r5 cells (Fig. 5B) . However, both cell types showed a significant increase in the number of cells positive to annexin-V, demonstrating that the A␤-induced cytotoxicity on vascular cells is mediated by apoptosis. The effect of H 2 O 2 , a well known prooxidant, was also evaluated on HUVEC cells (Fig. 5C ). The dot plots obtained with H 2 O 2 were similar to those obtained with A␤ ( Fig. 5A) , reinforcing the hypothesis that oxidative stress is directly involved in A␤-mediated vascular cytotoxicity.
The different O 2 ⅐ Ϫ production between HUVEC and A7r5 cells in response to A␤ might be related to a differential balance of the prooxidant and antioxidant systems on each cell type. Therefore, we studied the SOD activity, the enzyme responsible to eliminate O 2 ⅐ Ϫ on vascular cells, and NOS activity. The interest in studying NOS activity lies on the observation that superoxide radicals can interact with NO to produce the highly prooxidant peroxynitrite radical (Beckman, 1996) . HUVEC cells showed a lower SOD activity (twofold lower than that of A7r5 cells) (Fig. 5D ). On the other hand, NO generation was fourfold higher in HUVEC cells than in A7r5 cells (Fig. 5E) , as expected for endothelial cells (Moncada et al., 1988) . Both results are consistent with a lower antioxidant protection of HUVEC cells compared with A7r5 cells.
The role of vitamin E, vitamin C, and E 2 on A␤-mediated vascular cytotoxicity
The protective role of different antioxidants on HUVEC cells challenged with A␤ wt fibrils was studied by measuring apoptosis by the annexin-V method (Fig. 6 A) . The percentage of annexin-V-positive cells doubled in the presence of A␤. Preincubation of HUVEC cells with vit E reduced significantly the percentage of annexin-V-positive cells, whereas preincubation with E 2 showed no statistically significant reduction of annexin-V staining. Simi- Ellman et al. (1961) . Briefly, aliquots of 3 l of A␤ Glu223 Gln fibrils and A␤ Glu223 Gln -AChE complexes were incubated in triplicate with acetylthiocoline, and the reaction was stopped with tacrine. Absorbances were determined at 412 nm. In the inset in A, the amount of AChE bound to 10 g of both amyloid fibril types is shown. larly, vit E, but not E 2 , attenuated significantly the A␤-mediated cytotoxicity for both wild type and Dutch variant on HUVEC cells measured by MTT reduction (Figs. 6 B, 7A) . The lack of protection by E 2 against A␤-mediated cytotoxicity was also confirmed by measuring the LDH release on both types of cells (Fig.  7B) . LDH release in response to A␤ was similar in the presence or absence of E 2 . The other classic vitamin with antioxidant activity, vit C, at 100 M did not show any protective effect on vascular cells in response to the insult with A␤ fibrils (Fig. 6 B) . Higher concentrations of vit C were discarded because preliminary experiments at 1 mM produced a significant decrease in the viability of the vascular cells (data not shown). The protective effect of the three antioxidants against A␤ was also tested on A7r5 cells (Figs. 6 B, 7) . As described previously, these cells were more resistant to A␤ toxicity than HUVEC cells. Consequently, no major differences in the A␤ toxicity were identified in the presence of the antioxidants.
A similar pattern of protection with the three antioxidants was obtained when both cell types were challenged with H 2 O 2 instead of A␤ (Fig. 6C) . First, HUVEC cells were more sensitive to the oxidative stress than A7r5 cells (Fig. 6C) , even when the concentration of H 2 O 2 used for the experiments performed on HUVEC cells (50 M) was lower than that used for the experiments performed on A7r5 cells (100 M). Second, as shown with the A␤ challenge, only vit E was able to attenuate the H 2 O 2 -mediated oxidative insult by increasing the cell viability on both types of cells.
DISCUSSION
CAA is a pathology frequently linked to Alzheimer's disease (Vinters et al., 1988) . The amyloid vascular deposits from CAA are similar to the brain senile plaques, including the presence of several molecules such as AChE (Mesulam et al., 1992) , which has been reported to increase the neurotoxicity of A␤ wt fibrils (Muñoz and Inestrosa, 1999) . In addition, CAA is the key pathological feature of patients suffering from HCHWA-D, although in this case, the angiopathy is more extensive and develops at early ages, without the presence of mature senile plaques in the cerebral parenchyma (van Duinen et al., 1987; Maat-Schieman et al., 1992) . The pathophysiology underlying the A␤-mediated vascular damage is not fully understood, but oxidative stress could play a key role as in the case of the A␤-mediated neuronal degeneration (Behl, 1997; Miranda et al., 2000) .
In the present study, we determined the cytotoxic effect of A␤ wt and A␤ Glu223 Gln fibrils on vascular cells and the modulation of the cytotoxicity by AChE. Furthermore, we evaluated whether well known antioxidants such as vit E, vit C, and E 2 might reverse the vascular toxicity conferred by A␤ fibrils.
Amyloid fibrils and cytotoxicity
Our results show that A␤ wt and A␤ Glu223 Gln fibrils induce toxicity on vascular cells with characteristics similar to that reported on neuronal cells . A␤ Glu223 Gln fibrils were more toxic than those of A␤ wt on vascular cells. These findings suggest a key role for fibril stability on the cytotoxicity, because previous studies have shown that the Gln mutation stabilizes the fibrils and hence increases the fibrillogenic nature of this A␤ type (Wisniewski et al., 1991; Fraser et al., 1992) , despite the absence of any major folding difference between the wild-type and the mutated peptide (George and Howlett, 1999) . Therefore, a plausible explanation could be related to an increased attachment of A␤ Glu223 Gln to the extracellular matrix of vascular cells, which has demonstrated the ability to bind and assemble amyloid, hence enhancing its toxicity (Watson et al., 1997; van Nostrand et al., 1998) .
A␤-AChE complexes
We found that the AChE-A␤ complexes formed with A␤ wt are significantly more toxic than A␤ wt fibrils alone for both target cells, consistent with previous reports on neuronal cells (Alvarez Muñoz and Inestrosa, 1999) . These results might be related to the enhancement of the A␤ wt fibril stability by AChE (Inestrosa et al., 1996) . Those findings suggest that the AChE bound to the amyloid vascular deposits could act as an enhancer of the vascular degeneration observed in CAA, because AChE has been reported to be present in amyloid vascular deposits (Mesulam et al., 1992) .
On the other hand, A␤ Glu223 Gln -AChE complexes showed no differences on VSMC compared with the A␤ Glu223 Gln fibrils alone, and endothelial cells showed a significant increase in cell survival. The lack of morphological differences observed for either kind of fibril by electron microscopy analysis suggests that the differences could be in the fibril stability, A␤ Glu223 Gln -AChE complexes being less stable than A␤ Glu223 Gln fibrils. This might be the result of an anomalous pattern in the association between A␤ Glu223 Gln and AChE compared with other amyloid peptides (Inestrosa et al., 1996; Alvarez et al., 1997; Muñoz et al., 1999) . Our data also showed a lower binding of AChE to A␤ Glu223 Gln , an observation that it might be related to the fast fibrillation of A␤ Glu223 Gln , resulting in fewer molecules of AChE being bound or to a decrease in the binding affinity attributable to the changes in the A␤ sequence. The pathophysiological relevance of A␤ Glu223 Gln -AChE complexes is unknown at present because there is no evidence for the presence of AChE in HCHWA-D vascular deposits.
Free radicals and A␤-mediated cytotoxicity
Several studies have reported a release of O 2 ⅐ Ϫ in response to A␤ in vascular cells (Thomas et al., 1996; Suo et al., 1997) , linking the toxicity of A␤ to oxidative stress, as was observed on HUVEC cells. We found that endothelial cells were more sensitive to H 2 O 2 and A␤ fibrils than VSMC, an observation that correlates with the higher rate of O 2 ⅐ Ϫ production on HUVEC cells. Furthermore, endothelial cells showed low levels of SOD activity, which could render these cells more vulnerable to oxidative insults and, therefore, to the action of A␤. This observation is in agreement with previous studies reporting that exogenous addition of SOD reverses the effect of A␤ in endothelial cells Thomas et al., 1997; Price et al., 1997) . NO production was also higher in endothelial cells than in VSMC. NO can react with the prooxidant O 2 ⅐ Ϫ to form peroxynitrite (Beckman, 1996) , which is considered a powerful oxidant in AD-associated brain damage (Smith et al., 1997) . All of these results point to a correlation between oxidative stress and the cytotoxicity ratio. We hypothesize that endothelium is more sensitive to A␤-mediated apoptosis attributable to the lower intracellular antioxidant activity and the high production of O 2 ⅐ Ϫ and NO.
Protection with antioxidants
Both vit E and vit C have antioxidant properties. In the case of the former, it seems to be associated with the prevention of lipid peroxidation (Halliwell and Gutteridge, 1984) by trapping the peroxyl radicals (Naiki et al., 1998) . In the case of vit C, its involvement as a protective antioxidant agent is controversial. On one hand, its physiological role appears to be mainly directed to restore the antioxidant properties of vit E (Tappel, 1968) , whereas at high concentrations it acts as a prooxidant (Halliwell, 1999) . As discussed above, the oxidative stress hypothesis is well suited to explain the toxic effect of ␤-amyloid in both neuronal cells (Miranda et al., 2000) and vascular cells (this study). Additional support for the oxidative stress hypothesis was provided by several studies showing the neuroprotective effects of different antioxidants, such as vit E (Behl et al., 1992) , vit C (Yallampalli et al., 1998) , E 2 (Goodman et al., 1996) , melatonin (Pappolla et al., 1997) , and lazaroids (Behl et al., 1997b) , against ␤-amyloidinduced toxicity. Biological effects found for many of these antioxidants in laboratory experiments have also been matched by epidemiological studies reporting the beneficial effects of antioxidants (Tang et al., 1996; Sano et al., 1997) .
Our data show that vit E protects endothelial cells against A␤ challenge, whereas vit C failed to inhibit the A␤-and H 2 O 2 -mediated cytotoxicity. In the case of vit C, reports showing a lack of neuroprotection have also appeared (Lockhart et al., 1994) .
The protective effect of E 2 against A␤ has been shown previously on neuronal cells (Goodman et al., 1996; Behl et al., 1997a; Bonnefont et al., 1998) . However, E 2 was unable to reverse the toxicity of A␤ or H 2 O 2 in vascular cells (this study), despite its antioxidant properties (Sugioka et al., 1987) . These findings do not rule out that E 2 , via one or more of its different mechanisms of action (Nadal et al., 2001) , plays a protective role in AD. E 2 exerts a wide range of positive effects on both the CNS (Honjo et al., 1992; Bonnefont et al., 1998; Inestrosa et al., 1998; ToranAllerand, 2000) and the vascular system (Ruehlmann et al., 1998; Mendelsohn and Karas 1999; Valverde et al., 1999) . All or part of these effects of E 2 may be related to the protective role on neuronal cells challenged with A␤ (Goodman et al., 1996; Behl et al., 1997a; Bonnefont et al., 1998) . However, they appear to be ineffective at the vascular level for amyloid-associated pathology.
In summary, A␤ Glu223 Gln fibrils are more toxic for vascular cells than A␤ wt wild-type fibrils, suggesting that the early onset of HCWA-D is related to the high toxicity rate induced by A␤ Glu223 Gln fibrils. Additional work is needed to verify that A␤ Glu223 Gln toxicity is related to the stability of the fibrils. The presence of AChE in the A␤ wt fibrils could also be a risk factor for CAA attributable to the enhancer effect of the amyloid toxicity by the enzyme. Finally, we postulate that one of the mechanisms of action of A␤ fibrils is the generation of oxidative stress on vascular cells and that the high sensitivity of endothelial cells to A␤ fibrils is related to their lower protection against oxidative stress (low levels of SOD and high levels of NOS activity), a hypothesis that receives additional support from the observation that the antioxidant vit E reverses the A␤-mediated cytotoxicity.
